Background Fast heart rate and high blood pressure (BP) at rest may raise risk for the development of type-2 diabetes mellitus (DM). We therefore investigated dose-response and interactive effects of resting heart rate and BP on the incidence of DM in a Japanese population.
Introduction
Resting heart rate and blood pressure (BP) have been commonly used as simple and useful biomarkers of the fundamental status of blood circulation and the cardiovascular system. In addition, high BP has been recognized as a diagnostic factor for metabolic syndrome. [1] [2] [3] [4] The syndrome is patho-physiologically based on elevated insulin resistance and precedes type-2 diabetes mellitus (DM) and atherosclerotic disease. [5] [6] [7] Previous epidemiologic studies have also shown that high BP is an independent risk factor for the development of DM in Japanese 8 and some other populations. [9] [10] [11] On the other hand, heart rate is not included in the diagnostic criteria for metabolic syndrome. A single team of investigators has studied relationships of heart rate with impaired glucose tolerance and DM, and has repeatedly reported that a fast heart rate predicts the development of DM in US populations. [12] [13] [14] [15] These epidemiologic findings suggest that a fast heart rate and high BP affect glucose tolerance and subsequently raise the risk for the development of DM. However, dose-response relationships between this risk and heart rate or BP have not been fully investigated in previous studies, and no previous study has mentioned or analysed the interactive effects of heart rate and BP on the risk. We therefore investigated the dose-response and interactive effects of resting heart rate and BP on the risk for development of DM in a follow-up study of middle-aged healthy Japanese population.
Methods
The Ethics Committee of Nagoya City University Graduate School of Medical Sciences approved the study. All the data were obtained from accumulated medical records (April 1988 to March 2001) of attendees for a checkup conducted in the Gifu Prefectural Center for Health Check and Health Promotion; the data pertaining individual attendees were kept confidential. The Center was one of institutions routinely providing a checkup for general inhabitants and employees. The attendees voluntarily visited the centre for a checkup that was not specifically for the subjects of the present study. These medical records have also been used in our previous epidemiologic studies. [16] [17] [18] [19] [20] Study subjects Details of the subjects and methods of this study are given in our previous study. 20 Gifu Prefecture, located in the central area of Japan, had a population of 2.05 million in 1988, and 27 701 men and 14 821 women voluntarily visited the Center for a checkup between April 1988 and March 1991 (baseline examination). Of the people visiting the Center for the checkup, 16 828 men and 8368 women were selected as healthy study subjects using the following six eligibility criteria: (i) aged 30-59 years (2831 men and 1376 women deleted); (ii) no present disease or undergoing any current medical treatment (2905 men and 1520 women deleted); (iii) no medical history of DM, hyperglycaemia or malignancy (758 men and 185 women deleted); (iv) fasting blood sample available and fasting serum glucose (FSG) < 7.00 mmol/l (126 mg/dl) (based on the Classification and Diagnostic Criteria of Diabetes Mellitus, 21 ) was calculated from body weight and height determined in light clothing. Systolic and diastolic BP (SBP, DBP, mmHg) at the brachial artery was determined after 510 min of rest in the sitting position using an automated BP analyser (BP-203RV II-B; Nippon Kolin, Aichi, Japan). Subsequently, the heart rate (beats/min) was measured by conventional ECG in the supine position.
Overnight fasting venous blood samples were obtained between 8:00 and 9:00 a.m. at baseline and thereafter at each follow-up examination. After serum was separated and stored at 48C, FSG (mmol/l) was determined using a commercial kit and an autoanalyzer within 3 h of sampling. Inter-assay coefficients of variance for 9-12 determinations were <1.3%, and the accuracy was checked using control serum.
Medical history, lifestyles (smoking, drinking and exercise) and education of subjects were obtained by self-administered questionnaire partially supported and reconfirmed by a personal interview with a public health nurse. Smoking was categorized into 'neversmoked', 'ex-smoker', 'light-smoker (420 cigarettes/ day)' and 'heavy-smoker (420 cigarettes/day)'. Drinking was categorized into 'none', 'light', 'moderate' and 'heavy' corresponding to alcohol consumption of 0, <25, 25-40 and 440 g/day, respectively. Using the frequency and duration of recreational physical activities, exercise habit was classified into 'none', 'occasional' (<1 day/week or <30 min/day) and 'habitual' (51 day/week and 530 min/day). The education level was categorized into 'lower than high school', 'high school', 'junior college' and 'higher than junior college'.
Definition of incident DM
Incident DM during follow-up was identified by 'FSG 57.00 mmol/l (126 mg/dl)' 21 or/and 'under medical treatment for DM by questionnaire' at each follow-up examination.
Statistical analysis
All data were analysed according to sex. First, followup and incident DM were calculated in total men and women, and baseline characteristics of subjects with/without incident DM were summarized. Secondly, the crude and multivariate-adjusted hazard ratio (HR) and 95% confidence interval (CI) for incident DM according to quartiles [Q1 ¼ lowest (reference), Q2, Q3 and Q4 ¼ highest] of heart rate, SBP or DBP were estimated using Cox proportional hazards model, and linear trends in the HR for heart rate, SBP and DBP were checked by computing the three indices as continuous variables.
Subsequently, interactive effects of slow/fast heart rate (defined as Q1þQ2/Q3þQ4) and low/high SBP or DBP (defined as Q1þQ2/Q3þQ4) on HR in multiplicative effects model were examined among four groups [slow-low (reference), slow-high, fastlow, fast-high]. Finally, all the Cox models were re-estimated into two small/large BMI subgroups dichotomized by the median (23.0 kg/m 2 for men, 22.0 kg/m 2 for women), since BMI is the strongest risk factor for DM and the risk is dose dependent 20, [22] [23] [24] (re-estimated results are not shown; see the Discussion section). Multivariate adjustment for age, BMI, smoking, drinking, exercise and education attenuated crude HRs, but crude and multivariate-adjusted HRs were generally similar to each other. We therefore present only the multivariate-adjusted HR (95% CI) hereafter. PC-SAS (SAS Institute Inc., Cary, NC, USA) was used for all analyses, and statistical significance was denoted at P < 0.05. Baseline characteristics of subjects with/ without incident DM (Tables 1 and 2 ) Men and women with incident DM were older, and had higher BMI and higher FSG than those without incident DM. Heart rate, SBP and DBP were greater in Classification of drinking, smoking and exercise is defined in the text.
Results

Follow-up and incident DM
HEART RATE, BLOOD PRESSURE AND DIABETES men and women with incident DM than in those without incident DM. Smoking in men was related to incident DM (this relationship was presented in our previous report 16 ). The education level was lower in women with incident DM than in those without incident DM. Other lifestyle factors were not related to incident DM.
Multivariate-adjusted HR for incident DM according to quartiles [Q1 (reference) to Q4] of heart rate, SBP and DBP (Table 3) The HRs (95% CI) for Q1 to Q4 of heart rate were 1.00, 1.25 (1.00-1.56), 1.63 (1.32-2.01) and 2.26 (1.84-2.78), respectively, for men and 1.00, 1.09 (0.72-1.64), 1.06 (0.70-1.62) and 2.06 (1.43-2.96), respectively, for women.
The HRs (95% CI) for Q1 to Q4 of SBP were 1.00, 1.08 (0.86-1.36), 1.38 (1.11-1.71) and 1.92 (1.56-2.37), respectively, for men and 1.00, 0.72 (0.43-1.21), 1.37 (0.89-2.10) and 1.99 (1.32-3.00), respectively, for women.
The HRs (95% CI) for Q1 to Q4 of DBP were 1.00, 1.11 (0.88-1.41), 1.43 (1.14-1.79) and 1.93 (1.54-2.42), respectively, for men and 1.00, 1.06 (0.62-1.81), 2.06 (1.29-3.28) and 2.23 (1.40-3.56), respectively, for women.
Linear increasing trends in the HR for heart rate, SBP and DBP were significant in both sexes (trend P<0.001 for all).
Interactive effects of slow/fast heart rate and low/high SBP or DBP on multivariate-adjusted HR for incident DM [slow-low (reference); Table 4 ] Among the four groups based on heart rate and SBP (slow-low, slow-high, fast-low and fast-high), the slow-low group had the lowest crude DM incidence and the lowest HR and the fast-high group had the highest incidence and the highest HR in both sexes. Among the four groups based on heart rate and DBP, similar results were found in both sexes.
No significant interactive effects of heart rate and BP on the HR were found in either sex. 
Discussion
Our results indicate that resting heart rate and BP, even within their normal ranges, proportionally raise the risk for development of DM in middle-aged healthy Japanese people. In addition, the adverse effects of heart rate and BP are independent of each other as well as of the influences of age, BMI, smoking, drinking, exercise and education.
A single team of investigators has reported that fast heart rate predicts the development of DM in US populations, [12] [13] [14] [15] and our study confirms that finding in a Japanese population. Resting heart rate, like body weight, may be a simple and self-assessable predictor for DM in general populations. An increased risk for DM among subjects with high BP has been found in Japanese 8 and some other populations. [9] [10] [11] Our results on BP are consistent with those from previous studies. [8] [9] [10] [11] In our study, the risk for incident DM increased in parallel with rises in heart rate and BP even within their normal ranges. Age, BMI and lifestyle factors have been repeatedly suggested as risk/preventive factors for the development of DM [22] [23] [24] [25] [26] and could also influence heart rate and BP. The conventional risk/preventive factors may have confounded our results. Even after multivariateadjustments for age, BMI, smoking, drinking, exercise and education, the increasing trends in risk with rises in heart rate and BP were significant in both sexes. Moreover, to our knowledge, this is the first epidemiologic study to have investigated interactive effects of heart rate and BP on the risk for developing DM and to have shown 'no interactions' between these two indices in a multiplicative effects model. These new findings indicate that increased risk for DM conferred by a fast heart rate and high BP fits multiplicative fashions and are independent of each other. The 'no interactions' as well as the increasing trends mentioned above were confirmed in two subgroups with small and large BMI (detailed results are not shown), although BMI is the strongest risk factor for DM. Since BMI is a dose-dependent risk factor for DM, 20, [22] [23] [24] confounding effects of BMI in this study may have been sufficiently controlled in the Cox model. Consequently, our study indicates that resting heart rate and BP proportionally raise the risk for DM in middle-aged healthy men and women, independent of each other and of the conventional confounding factors included in this study. Overall, our findings were more pronounced in men than those in women. This may be attributable to the larger sample size and higher DM incidence in men than those in women. The adverse effects of a fast heart rate and high BP on DM may be common to both sexes. High BP has been recognized as a diagnostic factor for metabolic syndrome [1] [2] [3] [4] on the basis of elevated insulin resistance and preceding DM. [5] [6] [7] A fast heart rate and a high BP are both related to elevated insulin resistance. [27] [28] [29] These previous findings are patho-physiologically consistent with the results of our study. Cardiovascular prevention activity in general populations may be effective also for DM prevention.
The autonomic nervous system, the balance of sympathetic and parasympathetic activities, regulates both heart rate and BP. Increases in sympathetic activity elevate not only heart rate and BP but also blood glucose. Rises in parasympathetic activity, conversely, suppress all three indices. Elevated blood glucose is a specific and pathologic feature of DM. Therefore, chronic sympathetic over-activity may underlie the development of DM 30 in subjects with a fast heart rate and/or high BP. Moreover, autonomic dysfunction causing tachycardia and hypertension is an established and common complication of DM. 31, 32 DM and autonomic dysfunction seem to operate in a vicious circle in their causal relationships, and a fast heart rate and high BP may be intermediate accelerators of the vicious circle. A fast heart rate and high BP independently raised the risk for DM in this study. The results suggest that a fast heart rate and high BP affect glucose tolerance and lead to DM via their individual bio-mechanisms. Both heart rate and BP reflect the haemodynamic power that circulates the blood. BP is static power continuously tensing the whole human body internally. On the other hand, heart rate produces kinetic power, rhythmical changes in BP, repeatedly beating the body internally. Hypothetically, the differences in the biological effects of static and kinetic power are possible reasons why a fast heart rate and high BP independently raise the risk for DM despite their regulation by a common bio-system, as mentioned above. The bio-mechanism of the adverse effects of a fast heart rate and high BP should be addressed in further studies.
Limitations of the study were the same as those of our previous epidemiologic studies on DM that used the same population. 16, 20 Briefly, the selection of subjects, the lack of dietary data and the diagnostic method for incident DM may have influenced the results. Since all subjects are selected from voluntary repeat attendees for a checkup, they are probably more healthy and have a lower incidence of DM than general populations. We have no data on the daily diet of the subjects that is related with the development of obesity, DM and hypertension. Most of incident DM are identified only by FSG 57.00 mmol/l at follow-up examinations. The diagnostic method may underestimate the incidence of DM. 33, 34 Additionally, waist circumference, another index for body composition, or serum insulin directly regulating blood glucose was not assessed in the study. Therefore, the two factors may have also influenced our results. Regardless of the limitations, the study may have no major problems in intra-comparisons of DM incidence according to heart rate and BP. To establish epidemiologic evidence for DM prevention, our findings should be reconfirmed in many other populations.
In conclusion, resting heart rate and BP, even within their normal ranges, proportionally raise the risk for development of DM in middle-aged healthy men and women. The adverse effects of heart rate and BP are independent of each other as well as of the influences of age, BMI, smoking, drinking, exercise and education. Resting heart rate and BP may affect glucose tolerance and lead to the development of DM via their individual bio-mechanisms.
